Mild hypothermia impairs resistance to infection and, reportedly, impairs phagocytosis and oxidative killing of unopsonized bacteria. We evaluated various functions at 33°-41°C in neutrophils taken from volunteers. Adhesion on endothelial cells was determined using light microscopy. Adhesion molecule expression and receptors, phagocytosis, and release of reactive oxidants were assessed using flow cytometric assays. Adhesion protein CD11b expression on resting neutrophils was temperature-independent. However, up-regulation of CD11b with tumor necrosis factor (TNF)-␣ was increased by hypothermia and decreased with hyperthermia. Neutrophil adhesion to either resting or activatedendothelialcellswasnottemperature-dependent.Bacterial uptake was inversely related to temperature, more so with Escherichia coli than Staphylococcus aureus. Temperature dependence of phagocytosis occurred only with opsonized bacteria. Hypothermia slightly increased N-formyl-lmethionyl-l-leucyl-phenylalanine receptors on neutrophils: hyperthermia decreased expression, especially with TNF-␣. N-formyl-l-methionyl-l-leucyl-phenylalanine-induced H 2 O 2 production was inversely related to temperature, especially in the presence of TNF-␣. Conversely, phorbol-13-myristate-12-acetate, an activator of protein kinase C, induced an extreme and homogenous release of reactive oxidants that increased with temperature. In contrast to nonreceptor-dependent phagocytosis and oxidative killing, several crucial receptor-dependent neutrophil activities show temperature-dependent regulation, with hypothermia increasing function. The temperature dependence of neutrophil function is thus more complicated than previously appreciated.
U nwarmed surgical patients typically become 2°-3°C hypothermic (core temperature of 34°-35°C) because anesthetics impair thermoregulatory control (1) . Mild core hypothermia impairs wound healing and resistance to infection in animals (2) (3) (4) and humans (5) . There are at least two mechanisms by which hypothermia might impair resistance to surgical wound infection. The first is that thermoregulatory vasoconstriction decreases tissue perfusion and local oxygen partial pressure (6, 7) . Oxygen is required for scar formation (8) and is a substrate for oxidative killing by neutrophils (9) . Consistent with this theory, tissue oxygen tension correlates well with the incidence of clinical infection (10) and supplemental oxygen reduces infection risk (11) .
The second mechanism is that hypothermia may directly impair immune function (12) . Neutrophils are the major defense against surgical pathogens, clearing bacteria from infected and damaged tissue in stages (13) . At the infection site, neutrophils roll along the vessel wall. This so-called rolling adhesion is regulated by L-selectin and its counterpart at the endothelial lining (14) . After adhering, neutrophils migrate through the vessel wall, being guided to the area of infection by chemoattractants such as interleukin (IL)-8 or N-formyl-l-methionyl-lleucyl-phenylalanine (FMLP). Subsequent degradation of bacteria involves phagocytosis first and then killing, which is mediated by release of oxygen radicals, proteases, and other bactericidal products (Fig. 1) .
The effects of mild hypothermia on neutrophil function in vitro and in vivo have been evaluated by Wenisch et al. (15) . They reported that mild hypothermia profoundly impairs both phagocytosis and oxidative killing. A limitation of this study is that neutrophils were stimulated by un-opsonized bacteria. This situation is nonphysiological, in that bacteria are probably always opsonized in vivo. More importantly, unopsonized bacteria provoke activation of oxidative killing through a phagosomal pathway.
It is likely, however, that at least some measure of regulatory control is maintained even in contaminated and injured tissue. We therefore evaluated the temperature dependence of various neutrophil functions under conditions in which normal cellular control mechanisms remain intact. As a positive control, we also evaluated oxidative killing during PMA (phorbol-13-myristate-12-acetate) stimulation (16) . PMA is a protein kinase C activator that bypasses receptormediated control over free radical production, thus mimicking the "oxidative potential" reported previously (15) .
Methods
The local Ethics Board of the University of Regensburg Medical School approved this study. After informed consent, venous blood was drawn from 6 healthy donors with no history of infection in the 2 prior weeks.
Donors ranged in age from 27 to 38 (mean 32) yr. Average white blood cell count was 6300 Ϯ 1200 cells/L (mean Ϯ sd) and hemoglobin concentration was 15.1 Ϯ 1.3 g/dL. Differential leukocyte counts were as follows: neutrophils 53% Ϯ 8%, lymphocytes 35% Ϯ 7%, monocytes 8% Ϯ 3%, eosinophils 3% Ϯ 2%, and basophils 1% Ϯ 1%. Complete blood count and the differential count were determined before each experiment using an Advia 120 counter (Bayer, Tarrytown, NY).
Leukocyte Preparation and Quantification of H 2 O 2 Production
Leukocytes were isolated by sedimentation of erythrocytes on a Ficoll-Paque gradient (Pharmacia, Upsalla, Sweden). Heparinized (10 U/mL) whole blood (3 mL) was layered upon 3 mL of lymphocyte separation medium (Ficoll, density 1.077 g/mL). Erythrocytes aggregated at the interface and settled at room temperature without centrifugation. After 40 min, the upper 800 L of the supernatant leukocyte-rich plasma was withdrawn, avoiding contact with plasma near the separation medium interface. To avoid artifactual activation of cells, the isolation process did not include lysis, centrifugation, or washing.
The supernatant leukocyte-rich plasma was suspended 1:50 in Dulbecco's phosphate buffered saline (PBS) with Ca 2ϩ to a total volume of 1 mL. The leukocytes were loaded with the fluorogenic substrates dihydrorhodamine 123 (DHR) and carboxy-seminaphthorhodafluor-1acetoxymethylester (SNARF1/AM) for 10 min (both dyes from Molecular Probes, Eugene, OR). The final concentrations were 1 M for DHR and 0.1 M for SNARF1/AM. After addition of tumor necrosis factor (TNF)-␣ (10 ng/mL; DPC Biermann, Bad Nauheim, Germany), samples were incubated for 30 min at 33°, 35°, 37°, 39°, or 41°C. Next, FMLP was added at a final concentration of 10 Ϫ7 M to stimulate H 2 O 2 production by neutrophils (Sigma Chemicals, Deisenhofen, Germany). After 15 min of incubation at the designated temperature, the reaction was stopped by putting the samples on ice. Dead cells were counterstained with propidium iodide (Serva, Heidelberg, Germany) at a final concentration of 30 M. The specimens were stored on ice in the dark and measured within 1 h. In all experiments, a separate tube with an amount of fluid comparable to the experimental tubes was processed in parallel. The tube was equipped with a thermocouple probe to ensure the correct experimental temperature and temperature equilibrium during the experiments.
For analysis, we used a FACSCaliburflow cytometer (Becton Dickinson, San Jose, CA) with argon ion laser excitation at 488 nm and measured 10,000 cells from each stained sample. Data were acquired and processed using CellQuest software (Becton Dickinson). After calibration with standard dye-beads (Quantum 26; Flow Cytometry Standards Europe, Leiden, The Netherlands), the results of the cellular fluorescence were expressed in molecule equivalents of soluble fluorochrome. These molecule equivalents of soluble fluorochrome units were used for the absolute quantification of cellular fluorescence, allowing inter-assay and inter-laboratory comparison of data. Dead cells were identified and excluded by their lack of esterase activity and their propidium iodide fluorescence above 600 nm. Leukocyte esterase activity was determined based on SNARF1-related orange fluorescence. SNARF1/AM is cleaved in vital leukocytes by esterases to SNARF1. Neutrophils were identified by their typical side scatter light (SSC) and forward scatter light patterns, and their esterase activity. SSC depends on the granularity of cells, whereas forward scatter light is related to cell size.
The small amount of intracellular H 2 O 2 generated was quantified by measuring intracellular oxidation of the indicator dye DHR 123 to rhodamine 123. The former is a nonfluorescent and membrane-permeable fluorogenic substrate, whereas the latter oxidation product emits a green light (510 -530 nm) upon excitation (17) . In fact, this method has several advantages over those previously used for quantifying neutrophil oxidative function. Purification of neutrophils, which often leads to artifactual activation of cells, is unnecessary. Flow cytometric results are also unaffected by variations in the concentration of neutrophils in the assay, because the oxidative response is analyzed on the single cell level. Flow cytometry also reveals a heterogeneous oxidative response after receptordependent stimulation with FMLP (100 nM), whereas unstimulated neutrophils demonstrate very low fluorescence or free oxygen radical generation. The ratio between reacting and nonreacting neutrophils upon stimulation with FMLP is modified in the presence TNF-␣ toward a larger number of neutrophils releasing H 2 O 2 . In contrast, PMA, which served as a positive control, induces a homogeneous, very high response of neutrophils ( Fig. 2 ).
Expression of FMLP Receptors
To quantify the expression of receptors for FMLP, we used the assay established by Allen et al. (18) without modification. Leukocyte-rich plasma was suspended in Dulbecco's PBS (1:50) and, after addition of TNF-␣ (final concentration 10 ng/mL), samples were incubated for 30 min at 33°, 35°, 37°, 39°, or 41°C. Controls remained unstimulated and were processed in parallel. The samples were subsequently cooled to 4°C to avoid further activation of neutrophils. For staining of FMLP receptors, fluorescein-labeled formyl-Nle-Leu-Phe-Nle-Tyr-Lys (FLPEP) was added in a final concentration of 100 nM, incubated for 20 min at 4°C, and washed twice. FLPEP, a highly specific binding analog of FMLP, fluoresces at 520 nm when excited at 488 nm (Molecular Probes). Performing flow cytometric analysis, identification of polymorphonuclear (PMN) leukocytes was based on their SSC characteristic. Nonspecific binding of FLPEP was determined by addition of excess FMLP (0.1 mM) in a parallel set of tubes.
Expression of Adhesion Molecules
Leukocytes were isolated by sedimentation of erythrocytes on a Ficoll-Paque gradient (Pharmacia) as described above. Leukocyte-rich plasma was diluted 1:50 in Dulbecco's PBS to a total volume of 1 mL. We were able to exclude significant differences in expression of PMN surface markers by performing experiments with whole blood and leukocyte-rich plasma in parallel. After addition of TNF-␣, samples were incubated for 30 min at 33°, 35°, 37°, 39°, or 41°C. Samples were then gently centrifuged and the volume reduced to 100 L. Fluorescence-labeled monoclonal antibodies to CD11b (CD11b FITC; Medac, Hamburg, Germany), CD62L (CD62L FITC; Immunotech, Krefeld, Germany) were added and samples were stored at 4°C for 15 min. The cells were then fixed using 1% paraformaldehyde and samples were washed twice. Mac-1 and L-selectin were chosen because both molecules are relevant to transmigration and, therefore, to the immunological functions of neutrophils.
Mac-1 (CD11b) belongs to the integrin family of adhesion molecules and forms together with CD18 a dimer. This dimer, on the one hand, serves as an adhesion molecule promoting tight adhesion of neutrophils and, on the other hand, as a receptor (CR3) for the split product C3b of complement factor 3 (13). C3b is a major part of the alternative complement pathway and serves as an opsonin on bacterial surfaces. CR3 promotes several neutrophil functions including the oxidative response and phagocytosis.
L-selectin (CD62L) belongs to the selectin family of adhesion molecules. It promotes the so-called rolling adhesion of neutrophils on endothelial cells. Rolling adhesion leads to reduction of the neutrophil at the vessel wall and precedes tight adhesion and transmigration. L-selectin is cleaved by a membrane-bound endopeptidase and shed. The soluble L-selectin molecules interact with their bound counterparts on endothelial cells and are therefore thought to regulate adhesion. In addition to its properties as an adhesion molecule, L-selectin reacts, receptor-like, triggering a signal transduction chain.
Adhesion Assay
Neutrophils were isolated from heparinized blood of healthy donors by dextran sedimentation and Ficoll-Paque (Pharmacia) density centrifugation. The neutrophils were washed twice with Hanks' balanced salt solution and resuspended in Hanks' balanced salt solution with 10% human serum albumin in a concentration of 106 cells/mL. Cell purity was checked using flow cytometry and exceeded 96%. Cell viability exceeded 95%, as indicated by trypan blue staining.
Endothelial cells were isolated by rinsing human umbilical veins with collagenase 0.5%. The cells were washed twice with cell culture medium (VLE RPMI; Life Technologies, Karlsruhe, Germany), and resuspended in the same medium in T25 cell culture flasks. VLE RPMI contains 10% human serum, penicillin, streptomycin, glutamine, and endothelial cell growth factor. Only endothelial cells from the second or third passage were used. Cells were characterized by their typical morphology and by factor VIII staining.
Endothelium was cultivated in 96-well microtiter plates until confluence to quantify the adhesion of PMN on endothelial cells. Endothelial cells were incubated with IL-1␤ (DPC Biermann) at a final concentration of 30 ng/mL for 4 h at 37°C. Thereafter, the cells were washed twice with VLE RPMI, and 100,000 neutrophils per well were added. After incubation at 35°, 37°, or 41°C in a water bath for 15 min, the endothelial cells were washed twice with medium, and the number of adherent neutrophils was counted with a microscope. In each plate, a well with an equal amount of fluid was equipped with a thermocouple probe to ensure the correct experimental temperature and temperature equilibrium during the experiments. Four random high-power fields were counted per sample.
Phagocytosis of Bacteria
Staphylococcus aureus (DSM 1104) and Escherichia coli (ATCC 25922) were grown overnight. Bacteria were washed and then suspended in carbonate/bicarbonate buffer (pH 9.5) with 0.01 mg/mL fluorescein isothiocyanate for 30 min at 37°C. Fluorescence-labeled bacteria were washed and stored at Ϫ70°C. For opsonization, 1 mL of bacterial solution was incubated with 1 mL of serum for 30 min at 37°C. The bacteria were then washed twice.
To assay phagocytosis, 1 mL of leukocyte-rich plasma was added to 1 mL of bacterial solution resulting in a 20:1 ratio of bacteria and cells. Bacteria and leukocytes were incubated for 30 min at 37°C. Phagocytosis was then stopped by abruptly cooling to 4°C. Before the fluorescence of the bacteria was assessed using flow cytometry, 1 mL of trypan blue (3 mg/mL) was added to exclude extracellularly attached bacteria from measurement.
Results at each temperature were compared with a one-way analysis of variance. Dunnett's test was used for post hoc comparison to values obtained at 37°C. Data were expressed as means Ϯ SDs; P Ͻ 0.05 was considered statistically significant. Pearson's correlation coefficient (r) was calculated where appropriate and accepted as significant at P Ͻ 0.05.
Results
Expression of the adhesion protein CD11b on resting neutrophils remained stable throughout the whole range of tested temperatures. TNF-␣ induced an increase of CD11b on the cell surface. This process took less than 5 min (data not shown) suggesting a transport of transformed CD11b molecules from intracellular storage sites to the cell surface. The up-regulation of CD11b was found to be temperature-dependent (Table 1) . Up-regulation of CD11b with TNF-␣ was increased by hypothermia and significantly decreased with hyperthermia (r ϭ Ϫ0.808 with P Ͻ 0.01).
Baseline L-selectin expression was not affected by temperature. After stimulation with TNF-␣, there was almost complete shedding of L-selectin from the cell surface that was almost independent of the assay temperature (Table 1) .
FMLP is a constituent of bacterial proteins. Neutrophils have a receptor for this chemoattractant. Neutrophil functions that can be induced by FMLP include chemotaxis, phagocytosis, and the release of neutrophil bactericidal products such as proteases and oxygen free radicals. Lower temperatures were associated with a slightly increased expression of receptors for FMLP on the neutrophil surface failing to reach the necessary levels of significance, whereas hyperthermia decreased expression-an effect that was most pronounced in the presence of TNF-␣ (Table 1) .
Proinflammatory activation of endothelial cells led to a fivefold increase in the number of adhering neutrophils. This well known increase in adhesion of neutrophils is caused by expression of adhesion molecules (e.g., E-selectin or intercellular adhesion molecule-1) at the endothelial lining. But in the tested temperature range, 33°-41°C, neutrophil adhesion to either resting or activated endothelial cells was not temperaturedependent ( Table 2) .
Uptake of fluorescence-labeled bacteria by neutrophils was tested with a Gram-positive and Gramnegative species. The number of phagocytized bacteria was inversely related to temperature (Fig. 3) . The effect was most prominent with Gram-negative E. coli. Interestingly, temperature dependence of phagocytosis was only apparent using opsonized bacteria (i.e., preincubation with autologous serum which leads to deposition of opsonins, mainly complement factors, on the bacterial surface). Opsonin coating increases bacterial phagocytosis by changing phagocytosis into a receptor-triggered process. In contrast, phagocytosis of non-opsonized bacteria was not temperaturedependent (Table 3) . Using FMLP as a stimulus, H 2 O 2 production was inversely related to temperature. However, this effect was only statistically significant in the presence of TNF-␣. Reactive oxidant release under these conditions from 33°to 41°C decreased by a factor of approximately 3 (Fig. 4) . In marked contrast, PMA (an activator of protein kinase C) induced an extreme and homogenous release of reactive oxidants (Figs. 2 and  5 ). As might be expected from the thermodynamic effects of temperature on chemical reactions, the response increased with temperature.
Discussion
Hypothermia reduces resistance to test infections in animals (2, 3) and augments the risk of surgical wound infections in humans (4, 5) . Nonreceptor-dependent (i.e., PMA-stimulated) neutrophil function is also reduced in hypothermic humans (15) . Furthermore, fever enhances immune function and resistance to infection (19) . We therefore anticipated that receptor-dependent neutrophil function would also be impaired by hypothermia. Our results, however, demonstrate just the opposite: numerous aspects of neutrophil function were impaired by hyperthermia and facilitated by hypothermia.
The initial step in neutrophil defense is the adhesion to the vessel wall. This process depends on adhesion molecules at the endothelial lining and on the neutrophil surface. We found adhesion of neutrophils to be independent of temperature within the investigated range, whether or not endothelial cells were activated with IL-1␤. This suggests that the expression of adhesion molecules on endothelial cells is resistant to temperature, because adhesion of neutrophils to endothelial cells remained unchanged within the range of tested temperatures. This result is consistent with our finding that expression of adhesion molecules at the surface of neutrophils was unchanged by temperature. In contrast, expression of CD11b with TNF-␣ activation was temperature-sensitive. Low temperatures increased expression, whereas expression decreased with hyperthermia. TNF-␣ induced nearly complete shedding of L-selectin from neutrophils at all tested temperatures.
After tight adhesion, neutrophils transmigrate through the vessel wall. Neutrophil migration to the inflammatory site is guided by chemoattractants such as IL-8 or the bacterial peptide FMLP. In our experiments, we found the number of FMLP receptors decreased with increasing temperature. However, our study did not evaluate neutrophil migration. Consequently, the biological relevance of the observed reduction in the number of FMLP receptors remains unclear.
Phagocytosis of opsonized E. coli by neutrophils was significantly reduced with increasing temperature. It is well established that phagocytosis of E. coli depends at least in part on FMLP receptors (20) . The observed reduction of receptors for FMLP may be clinically relevant. Additionally, the uptake of bacteria by neutrophils is facilitated by opsonins. Opsonins are proteins that coat bacteria and fit into receptors on the surface of neutrophils to induce and enhance uptake of pathogens. Major opsonins for neutrophils include immunoglobulins and the split product C3b of the complement factor C3 that is generated through the alternative pathway of complement activation and sticks to the bacterial surface. Major receptors involved include those for immunoglobulins and for C3b. The receptor for C3b is Mac-1, also known as CD11b, which also serves as an important adhesion molecule as described above (13) . Interestingly, only the opsonin-or receptor-dependent phagocytosis of bacteria was impaired with increasing temperature whereas the uptake of non-opsonized bacteria remained essentially temperature-independent. Wenisch et al. (15) described an increase of phagocytosis with temperature. This was visible in our data but only as a trend failing to reach the required levels of significance ( Table 3 ). The protocol of Wenisch et al. (15) used to assess phagocytosis included an overall incubation time of 10 minutes for bacteria and blood and is therefore more comparable to a setting of nonopsonized bacteria. Opsonization via the alternative pathway of complement involves several proteolytic steps and takes some time. Opsonization becomes detectable after 7-8 minutes and is maximal after 20 minutes (data not shown).
Oxidative killing of bacteria by neutrophils is generally considered the single most important defense against surgical wound infections (13) . In our study, we induced oxidative responses from neutrophils with either FMLP or PMA. Induction via FMLP involves a G protein-coupled receptor and subsequent activation of an intracellular signaling pathway including protein kinase C and release of Ca 2ϩ from intracellular storage places. PMA, in contrast, bypasses this signaling pathway by directly activating protein kinase C (16) . It is of considerable interest that receptor-dependent production of oxygen free radicals was inversely related to temperature, whereas induction with PMA increased radical production as a function of temperature. This is consistent with data previously reported by Wenisch et al. (15) and might be expected from thermodynamic effects of temperature on chemical reactions. Our findings of an increased release of hydrogen peroxide after receptordependent stimulation are consistent with results reported by Salman et al. (21) on peritoneal macrophages from hypothermic rats, although macrophages and neutrophils differ considerably. Nevertheless, the increased generation of reactive oxygen products of neutrophils in hypothermia may not be enough to fully compensate for the increased susceptibility to infection in hypothermia.
PMA stimulation is unlikely to represent a typical physiological situation in circulating neutrophils because it provokes oxidative responses two orders of magnitude more than large-dose TNF-␣ combined with the bacterial agonist FMLP. Furthermore, no known physiological stimulus reproduces the exaggerated responses of PMA because PMA binds irreversibly to protein kinase C leading to complete, unmodulated neutrophil response (16) . The critical aspect of neutrophil function is defense against tissue infections. There is considerable evidence that neutrophil function differs substantially after transmigrating through the endothelial layer into tissues. An alternative theory is that in some infectious conditions, receptor-mediated control may no longer be rate limiting. Maximal oxidative potential, as represented by PMA stimulation, may therefore dominate. This theory is consistent with observations that substrate limitation often seems to dominate clinical responses. For example, hypovolemia and tissue hypoxia are highly correlated with surgical infections, which suggests that cytokine mediation may not be the only element controlling oxidative responses in vivo. Under such circumstances, simple temperature-dependent kinetic factors may become critical determinants of response magnitude.
All of our tests were performed at constant cytokine concentrations. However, in vivo concentrations of critical neutrophil activators such as TNF-␣ are highly temperature-dependent. Temperature dependence of cytokine release has been demonstrated for a variety of pro-and antiinflammatory cytokines in vivo (22) (23) (24) . In vitro experiments with monocytes and macrophages as major generators of cytokines show that cytokine production is clearly temperature-dependent, with decreased production in hypothermia and hyperthermia (25, 26) . Interestingly, suppression of cytokine production in hyperthermia seems to be restricted to monocytes. Macrophages display the opposite response, namely an increased release of cytokines, especially TNF-␣, during hyperthermia (26) . In patients with accidental hypothermia, rewarming is also accompanied by a release of cytokines (24) . These effects have been shown for TNF-␣, IL-8, and IL-6 -all of which are major proinflammatory cytokines (25, 26) . The observed increase in neutrophil function during hypothermia might well compensate for reduced cytokine concentrations, whereas reduced production during hyperthermia is consistent with the concept that tissues require protection against damage resulting from excessive neutrophil activation during hyperthermia (27) .
Neutrophils are hardly the only defense against bacterial infection and the temperature-dependence of other critical immune functions may differ substantially. Furthermore, in vivo neutrophil function in large measure depends on signals and activation by other immune-competent cells and tissues. For example, production of cytokines may be sufficiently reduced by hypothermia to produce an overall reduction in neutrophil function, despite hypothermia-induced activation at constant cytokine concentrations.
In summary, our results show that several crucial receptor-dependent neutrophil activities have a temperature-dependent regulation, with increased function during hypothermia and reduced function during hyperthermia. These mechanisms seem to offer increased protection of tissues against pathogens during hypothermia while simultaneously preventing tissue damage during hyperthermic (e.g., septic) conditions. However, control of neutrophil function is complex and probably controlled differently under various conditions and even in different regions of the body. Although the clinical importance of these observations remains unclear, temperature dependence of neutrophil function is clearly far more complicated than previously appreciated.
